The effects of lubricants on the quality of squeeze-cast Al-(6:0$8:0 mass%)Si-(0:3$0:52 mass%)Mg alloys were studied. Different melts with varying amounts of Si and Mg were prepared and then directly squeeze-cast into cakes. Different lubricants and two different pressures, 60 and 120 MPa, were used in the production of the cakes. These squeeze-cast cakes were then forged and heat-treated. Tensile specimens prepared from the forged and heat-treated cakes were tested to determine their tensile properties. Among all the variables tested, the Weibull modulus (in ultimate tensile strength, UTS) was the largest (m ¼ 53:7) for the cakes squeeze-cast at 120 MPa using water-based BN powder ($4 mm in size) as a lubricant. After polishing and ultrasonic-vibration treatment, oxide films appeared as foggy films on the chilled blocks and forged cakes. Reaction films were also observed on the tensile fracture surfaces of the tested bars. They were particularly apparent on the bars produced from cakes that had been prepared using an oil-based lubricant. The area ratios of the foggy films and reaction films on the samples were calculated. The Weibull modulus (in UTS) of the forged cakes after T6 treatment was significantly affected by both the pore count and the total area ratio covered by reaction films and foggy films.
Introduction
The A356 alloy is widely used in industry due to its superior fluidity during casting as well as the good corrosion resistance and mechanical properties of the final product. Moreover, precipitation treatment can greatly improve the mechanical properties of A356 castings. The strength of this alloy is mainly due to the uniform precipitation of Mg 2 Si dispersed in the matrix. According to the specification of the AA standard, the A356 alloy contains 6.5 to 7.5 mass% Si and 0.25 to 0.45 mass% Mg. The mechanical properties and fluidity of Al-Si alloys are significantly affected by their silicon content over a practical range of 5$16 mass%. 1, 2) Increasing the silicon content increases the latent heat released during solidification, and hence, greatly improves the fluidity and feedability of the solidified liquid, thus reducing shrinkage.
3) An increase of 0.1 mass% in the Mg content yields an increase of about 70 MPa in the T6 yield strength for a Mg content between 0.05 and 0.5 mass%. 4) Increasing the Mg content from 0.3 to 0.5 mass% has a minor effect on the hydrogen pick-up of the A380 alloy melt, but increases the total amount of Mg-bearing inclusions. 5) The squeeze-casting process is characterized by good heat transfer during solidification. This implies that both the grain size and/or dendrite arm spacing in the as-cast structure are sufficiently fine. 6, 7) Squeeze-cast AC4CH alloys (which have properties similar to the A356 alloy) have both high tensile strength (273 MPa) and increased elongation (21%). This occurs because of their fine, spherical eutectic Si particles and small dendrite arm spacing. 8) Shih et al. studied the effects of Si and Mg on the mechanical properties of indirectsqueeze-cast Al-(6:5$11 mass%) Si-(0:3$0:5 mass%) Mg alloys. 9) T6-treated Al-7Si-0.3Mg alloys were found to have an ultimate tensile strength (UTS) of 269 MPa and an elongation of 12.7%; the values for T6-treated gravity castings were 221 MPa and 4.7%, respectively. The UTS values of different castings were also compared, and the results showed that squeeze-casting yields a better UTS than gravity casting.
During squeeze-casting, the pressure should be sufficiently low so that segregation does not occur, but sufficiently high to prevent shrinkage. 10) Hong et al. developed an empirical equation to predict the soundness of the casting as well as the occurrence of macrosegregation and shrinkage defects in directly squeezed Al-7 Si alloy castings. 11) They suggested that sound castings could be obtained when the applied pressure (P) satisfies P SC < P < P MS , where P SC is the critical applied pressure below which shrinkage defects occur, and P MS is the critical applied pressure above which macrosegregation occurs. In this study, the applied pressure, die temperature, and pouring temperature were 60 MPa, 473 K, and 993 K, respectively; using these values, sound alloy cakes could be produced, as described by Hong et al.
11)
These cakes were then forged to the specified thickness. The tensile properties of the bars thus prepared were then evaluated.
Experimental Procedure
Different melts (25 kg) were prepared using an induction furnace with a clay-graphite SiC crucible. Two melts were prepared by melting commercially available A356 alloy ingots (MM samples); this set of samples had an intermediate Si and Mg content. Four other sets of samples were prepared from commercial A356 alloy ingots, pure Al, and master alloys of Al-20%Si and pure Mg. These samples were divided into two groups according to their Si and Mg contents: samples with high silicon and high magnesium contents (HH samples), and those with low silicon and low magnesium contents (LL samples). Table 1 shows the chemical compositions of the six sets of samples. The melts were held at 993 K and degassed for 900 s using nitrogen and a degassing diffuser. After degassing, the melts were held at 993 K for 900 s. Some of the melts were then poured into a die to produce chilled blocks 50 mm in diameter and 20-25 mm in thickness, while other melts were used to produce squeeze-cast cakes (80 mm in diameter and 25$30 mm in thickness) at two pressures: 60 and 120 MPa. Samples from the chilled blocks were polished and then analyzed using a chemical spectrometer.
For the squeeze-casting, types of lubricants were prepared: graphite (Gr: 10$40 mm) powder as an oil-based lubricant (GrO), and BN ($4 mm) powder as a water-based lubricant (BNW). The GrO lubricant was brushed onto the cavity wall, and the plunger surface of the die was sprayed uniformly using compressed air. The BNW lubricant was sprayed using a nozzle and high-pressure compressed air in order to uniformly coat the cavity wall and plunger surface. A vertical-type 500-ton hydraulic press was used to produce the direct-squeeze-cast cakes. Figure 1(a) shows a schematic illustration of the die set along with the squeeze-cast cakes in the die cavity. In preparation for pouring, the die was preheated to 463 AE 10 K and the melt was held at 1003 AE 5 K. First, the lubricant was sprayed into the die cavity, and then the melt was poured in. Next, the upper and lower parts of the die were closed and the lower part or plunger was forced upward to apply a pressure of 60 or 120 MPa on the molten metal. The molten metal was squeezed for about 10 s to produce a cake 80 mm in diameter and 25$30 mm in thickness. The cakes were removed, heated (673 K), and then forged on a flat open die to a thickness of 12 mm; the samples were deformed to a true strain of about 0:45$0:55. The forged samples were heat-treated at 813 K for 8 h (solution treatment) and then quenched in water prior to aging at 448 K for 6 h. After the heat-treatment, six tensile bars with a gauge diameter of 6 mm were machined from each cake. Sets of 18-20 tensile bars were prepared for tensile tests.
After tensile testing, the Weibull distribution was utilized to construct a plot of ln½lnf1=ð1 À FwÞg versus UTS for each set of data, where Fw indicates the cumulative fraction of failure during tensile testing. The slope of this plot is termed as the Weibull modulus. Specimens with a high modulus are strong and reliable in terms of their UTS. 12) The chilled blocks, squeeze-cast cakes, and forged cakes were sectioned into two halves, one of which was polished.
The pore count was measured under 100X and 500X magnifications at ten locations and the average pore count with its standard deviation was obtained. The other halves of the chilled blocks, squeeze-cast cakes, and forged cakes were also polished and then subjected to ultrasonic-vibration treatment in order to determine the area ratio of the foggy films (or foggy marks). 13) The fracture surfaces of the tensile bars were observed (5$20X magnification). The numbers of film-like marks (brown or black in color) were counted and the area fractions were recorded. Reaction films can be distinguished as foggy films that appear on the surface of a polished sample after it has been subjected to ultrasonic-vibration treatment. Figure 1 (b) shows a flowchart of the procedure, describing the sample preparation, pore counts, measurement of foggy films and reaction films, mechanical testing, and Weibull analysis.
Results and Discussion
3.1 As-cast and forged-plus-heat-treated microstructures After pouring the molten metal into the die cavity, the upper and lower parts of the die were closed. The pouring time was about 2$3 s. The plunger was moved upward to squeeze the molten metal against the upper plunger. The molten metal in the cavity was thus squeezed and solidified under a pressure of 60 or 120 MPa. The heat was transferred from the solidifying metal to the mold as the casting cooled. 6) The solidification occurred at a high cooling rate, which caused the formation of fine dendrites near the surface, especially in areas close to the lower plunger. Figure 2 shows the microstructure of the as-cast A356 cakes under 60 MPa. The areas marked 2, 4, and 6, which were close to the lower plunger, show typical, fine -Al dendrites. The areas marked 1, 3, and 5 show a higher eutectic fraction than those marked 2, 4, and 6 near the lower plunger. During solidification, a fine dendritic structure tends to develop near the die wall in squeezed molten metals, where heterogeneous nucleation and rapid cooling dominate the solidification. The formation of a layer of fine -Al dendrites reduces the effectiveness of heat extraction from the remaining molten metal. This is because the surface contraction of the solidified skin decreases the heat transfer coefficient at the interface. However, as the squeezing pressure continues to push the remaining molten metal, it sometimes causes the solidifiedAl dendrites to break. As a result, the molten metal penetrates into the areas near the surface layer, correspondingly increasing the eutectic fraction. This is particularly apparent at the corners of the squeeze-cast cakes; see location 5 in Fig. 2 . The central areas of the squeeze-cast cakes were macroscopically sound, as seen at locations 7 and 8.
When the pressure was increased from 60 to 120 MPa, the eutectic fractions increased slightly at locations 7 and 8 in Fig. 2 . The increased pressure is expected to enhance the heat transfer from the solidified metal near the die wall. The fraction of the -Al phase increased in the area near the die wall, raising the solute content in the remaining liquid. Thus, the central areas of the squeeze-cast cakes possessed a greater eutectic fraction when subjected to a higher pressure of 120 MPa. The squeeze-cast cakes were macroscopically sound when the pressure was either 60 or 120 MPa. Microscopic observation showed that the eutectic Si particles had been well modified to a fibrous morphology due to a rapid cooling rate of 25$40 K/s. Figure 3 shows the structure at different locations in the forged cakes after T6 treatment. The matrix was heavily deformed and exhibited elongated grains (or subgrains) aligned in the direction of deformation. Macroscopically, the deformed structures were uniformly distributed throughout the matrix in the forged cakes. We can compare the structures Squeeze cake at different locations in Fig. 3 with the corresponding areas in Fig. 2 . Figure 4 shows the foggy films recorded on different samples after ultrasonic-vibration treatment; also see Table 2 . The foggy films covered a larger surface area on the chilled blocks than on either the squeeze-cast or forged samples. The squeeze-cast cakes were subjected to a high pressure of 60 or 120 MPa during solidification. As mentioned, the squeezing of the solidified skin of the melt near the die wall might possibly have lead to the breaking of the dendrites trapped in the oxide film. The oxide films were broken into pieces. The fragmented oxide films could be further decreased by forging, as shown in Fig. 4 . Table 2 shows area ratios of foggy films: 2:5$5:8% for chilled blocks and 0:7$2:2% for squeeze-cast cakes. On the forged cakes, the foggy films were further decreased to 0:4$0:6%. These foggy films have been identified as oxide films with varying oxygen contents. 14) These entrapped oxide films are fragile; hence, when they are subjected to deformation strain, cracks tend to be initiated within them.
Foggy films and pore count
14-16) Therefore, it is beneficial to decrease the area ratios of foggy films in order to decrease the number of crack initiation sites.
Before being subjected to ultrasonic-vibration treatment, all the samples were observed under an optical microscope to record the pore counts under different magnifications (100X and 500X). Scanning electron microscopy (SEM) was also used to identify the pores. We found fine Si particles, mostly 1 mm in size; while the micropores were 1$3 mm in size and mostly free of trapped particles. The entrapped BN particles were in the size range of 3$5 mm, while the entrapped Gr particles had sizes varying from 3 to 28 mm, depending on the location and degree of deformation to which the samples were subjected. Next, we discuss the effects of the pore count and pore size (=5 mm) on the UTS.
The measured pore counts (!5 mm) for different samples are listed in Table 2 . The pore counts for the chilled blocks were higher (92$102 counts/mm 2 ), which decreased remarkably to 47$69 counts/mm 2 in the squeeze-cast cakes; furthermore, the pore counts for the forged cakes were close to those for the squeeze-cast cakes (49$72 counts/mm 2 ). The fraction of pores that were 5$10 mm in size was about 0.55-0.65, while that of pores greater than 20 mm in size was less than 0.1. The Gr or BN powders in the lubricants were entrapped in the poured metal and pressed during the casting and forging processes. The Gr particles collapsed; this caused an increase in the fraction of large pores: 15$28 mm in Fig. 5 . However, the use of the finer BN powder could increase the fraction of finer pores (5 mm). Table 2 lists the tested mechanical properties and the recorded pore counts and area ratios of foggy films and reaction films for the different sets of samples. Figure 6 shows the plots of ln½lnf1=ð1 À FwÞg versus ln UTS for six sets of data. The Weibull modulus (m) for the different sets of samples was also included. Increasing the Si and Mg contents increased the UTS (283$286 versus 271$276 MPa), as can be seen by comparing the results for HH60 and HH120 with those for LL60 and LL120. However, keeping the Si and Mg low (two sets of LL samples) was beneficial for developing stable elongation: 12.3% and 12.5% (with low deviations of 1.0% and 2.0% for the LL samples, respectively) as compared with 12.6% and 11.8% (with deviations of 2.4% Forged cake Fig. 3 Microstructure of the forged cakes after T6 treatment of the directsqueeze-cast cakes shown in Fig. 2 ; T6 treatment: 813 K for 8 h and 448 K for 6 h. and 1.9%, respectively) for the HH samples (see Table 2 ). The first four sets of data are for the squeeze-cast cakes produced using the BNW lubricant, while the other two sets (MM) are for those produced using the GrO lubricant. The set of samples produced with low Si (6%) and Mg (0.3%) contents using the BNW lubricant possessed a high Weibull modulus of 53.7. The area ratios of reaction films were significantly affected by the lubricant used. The reaction films on the GrO samples covered an area almost 4$5 times larger than that on the BNW samples. Figures 7(a) and 7(b) show the fracture surfaces of samples HH60 and LL60, and Figs. 7(c) and 7(d) show those of samples MM60 and MM120. The former samples were produced using lubricant BNW and show 0.28% and 0.23% coverage by reaction films. The latter samples were produced using lubricant GrO and show 1.01% and 0.84% coverage by reaction films.
Mechanical properties
Figures 8(a) and 8(b) show the relation of the pore counts (counts/mm 2 ) and area ratios of the foggy films plus reaction films (FRFs) with the Weibull modulus (in UTS) for the six sample sets. Reaction films entrapped in the matrix (discussed later) could be traced to the reaction products that were produced between the molten metal and lubricant during pouring, while the foggy films indicated entrapped oxide films. They are both considered as part of the area ratio and lead to deterioration in the tensile properties of the samples. Therefore, the effect of film-type defects on the tensile properties of samples was correlated with the area ratio of foggy films and reaction films; these were added together to make up a single factor. The MM120 samples had In this study, we found that the addition of alloying elements to the master A356 alloy led to the generation of a greater area ratio of foggy films than that in the plain A356 ingots. Increasing the Si and Mg contents increased the foggy film area (oxide films) trapped in the chilled samples (5.3% and 5.8% for the HH alloys versus 3.0% and 4.2% for the LL alloys). Adding Mg to the Al-Si alloy increased the possibility for the formation of surface oxides and entrapment of Mg-bearing inclusions.
9) The squeezing pressure could fragment the oxide film, thereby greatly decreasing the area ratio of foggy films, while forging could further reduce the amount of oxide film. Since an entrapped oxide film is fragile, cracks can be initiated from within the film, as discussed previously. Therefore, decreasing the size of the oxide film lowers the possibility of crack initiation and propagation, leading to stabilization of the UTS. Interestingly, the Weibull modulus of the forged cakes could be as much as 60 once the pore count decreased to less than Table 2 Tested UTS, YS and elongation associated with measured pore counts and area ratios of foggy marks, reaction marks on chilled blocks, squeeze-cast cakes, forged cakes after T6 treatment, including the six sets of samples listed in Table 1 . (Figs. 8(a) and 8(b) ).
Reaction films observation
The specimens produced using the GrO lubricant exhibited brown and/or black films (or spots) of varying sizes on their fracture surfaces. A possible mechanism for their formation is the decomposition of the lubricant due to the high temperature during pouring, which could have produced gases and possibly bubbles that would have been trapped in the melt during the pouring process. The bubbles would have then collapsed due to the pressure applied during squeezing and would become trapped in the film in the squeeze-cast cakes. Figure 9 shows a film trapped on the fracture surface of a tensile bar (sample MM60). ''A'' indicates an area on the film, and ''B'' is nearby a flaky particle. Both indicate the existence of carbon and oxides. ''C'' marks a location in the matrix that is outside the film. Many particles may also be trapped in the area near the film. Therefore, this film could presumably be a piece of debris formed by the collapse of a gas bubble. The nearby particles may possibly be reaction products from the collapse of a bubble in the melt, or they could even have been attached to the gas bubble before it collapsed. We also detected the existence of sulfur in the brown reaction film. The decomposition of the oil-based lubricant increased the amount of hydrogen absorbed into the cast, as determined by comparing the samples prepared using the water-based lubricant (0:22$0:3 cc/100 g of Al) with those prepared using the oil-based lubricant (0:31$0:32 cc/ 100 g of Al) in Table 2 .
The oil-based lubricant decomposed due to the high temperature to yield carbon, which was trapped in the melt and could possibly produce aluminum carbide (4Al þ 3C ) Al 4 C 3 ; ÁG f ¼ À163:16 kJ/mol at 1000 K 17) ). The black film on the fracture surface was most likely caused due to the existence of aluminum carbide associated with the Gr particles. It is likely that pores would be initiated near the trapped Gr and BN particles via hydrogen diffusion during Tensile Properties of Forged Direct-Squeeze-Cast Al-(6:0$8:0 mass%)Si-(0:3$0:52 mass%)Mg Alloysolidification as reaction films are often accompanied by pores and/or particles. Therefore, as seen in Table 2 , the UTS of the samples produced using the GrO lubricant was considerably deteriorated due to high area ratios of reaction films, even though the melt quality (related pore counts and oxide films) was as good as that of the samples directly prepared from A356 ingots (MM samples).
Mircopore formation
Small pieces of each sample were deep-cooled in liquid nitrogen; these were fractured prior to removal for SEM observation. The arrow in Fig. 10(a) shows a micorpore that is 3 mm in size and is located near a trapped particle. Figure 10 (b) shows a fine micropore about 1 mm in size on the fracture surface of a specimen produced using the BNW lubricant. These micropores are likely to have originated from degassing. The speed at which a bubble floats is proportional to the square of the radius of the bubble:
À2 kg/m 3 , and ¼ 1:15 Â 10 6 PaÁs. 18, 19) Thus, when the radius of a bubble (R) is equal to 1 mm, its floating speed would be about 5:1 Â 10 À15 m/s. The melt in the crucible was about 400 mm deep, and an induction furnace was used for melting the aluminum alloys. After degassing, microbubbles would likely have moved or floated in the melt throughout the casting process, finally becoming trapped in the casting. The micropores (<5 mm) trapped in the matrix would have an effect on the tested tensile properties of the samples; however, this factor is excluded from this discussion since all the six sets of samples were subjected to the same degassing treatment.
Conclusion
Among all the variables studied, the Weibull modulus (in UTS) of the Al-6Si-0.3Mg alloy produced using lubricant BNW ($4 mm) was the largest (53.7). The pore counts and area ratios of foggy films and reaction films were found to be the key factors influencing the UTS of the tensile specimens produced from the squeeze-cast cakes after forging and heattreatment. When the pore count of a cake was less than 47 counts/mm 2 (5$25 mm in size), the FRFs was less than 0.88%. The squeeze-cast cakes, after forging and T6 treatment, could develop a UTS with a Weibull modulus greater than 53.7.
(a) (b) produced using from GrO lubricant (the arrow indicates a possible existence of a micropore about 3 mm in size), and (b) produced using from BNW lubricant (the arrow indicates the existence of a micropore about 1 mm in size).
